Several emerging pathogens have arisen as a result of selection pressures exerted by modern healthcare. 23
contributed to the patient's death after a long hospital stay with a complicated liver transplant. Patient 4 had a 113 successfully treated complicated KPC-KpIIA urinary tract infection. Patient 3 did not develop an infection with 114
KpIIA. None of the patients with KpIIB developed K. quasipneumoniae infections, however two of the patients did 115 develop infections with other species carrying bla KPC (K. pneumoniae for patient 6 and Serratia marcescens for 116 patient 8) ( Table 2) . 117
Genetic variation and rearrangements within KpIIA 118
All KpIIA isolates were closely related at the core chromosome level, with a maximum divergence of <180 SNVs. 119
If bla KPC were acquired only once in this lineage then any sequence variation within the 10 kb bla KPC transposon 120
Tn4401 would be the result of mutational change, which is expected to be rare. Surprisingly, the Illumina sequence 121 data revealed a great deal of sequence variation within Tn4401 (Fig. 1a) . Two sites (positions 8015 and 9663 in the 122
Tn4401b reference) showed variation at the single-nucleotide level, and one isolate had a deletion at positions 7075-123 7153. Interestingly, several isolates showed mixtures at one or both of the variable sites, indicating two or more 124 different versions of Tn4401 in the same isolate. This included mixtures at position 8015, which is located within 125 the bla KPC gene and differentiates bla and bla , indicating that there were isolates with both bla KPC alleles. 126
Similarly, if a single bla KPC plasmid were acquired and stably maintained within KpIIA, then we would expect to 127 see a single flanking sequence context for Tn4401. On the contrary, there was significant diversity in Tn4401 128 flanking regions, with eight and seven different 5 bp sequences on the left and right sides of Tn4401 respectively, 129 suggesting active transposition of Tn4401 within KpIIA and/or multiple plasmid acquisitions. 130
To better understand the origin of the genetic diversity within and surrounding Tn4401, we performed long-read 131
PacBio sequencing on three of the KpIIA isolates (CAV2013 from patient 2, CAV1947 from room C and CAV2018 132 from room C), as well as a S. marcescens isolate from patient 2 (CAV1761). The room C isolates were chosen 133 because this room only became positive after admission of patient 2 following sink trap exchange in the STBICU, 134 hence they are expected to be descended from the patient 2 KpIIA.bla KPC-3 plasmid, and the S. marcescens isolate had a 69,158 bp IncU/IncX5 bla KPC-2 plasmid (16). Both plasmids 137 contained Tn4401b, however there were two SNV differences within the Tn4401b sequence, one at position 8015 138 (differentiating bla KPC-2 and bla ) and one at position 9663. 139
The KpIIA isolates from room C (CAV1947 and CAV2018) had three and two bla KPC plasmids respectively (Fig.  140 3c-d). Both isolates harbored the IncU/IncX5 bla KPC plasmid from the patient 2 S. marcescens isolate, indicating 141 likely bla KPC plasmid transfer from S. marcescens to K. quasipneumoniae (Fig. 3e) . In CAV1947, the plasmid 142 sequence was identical to the patient isolate, CAV1761, with the exception of two large indels (Fig. 4a) . One of 143 these was a 16,315 bp deletion immediately adjacent to Tn4401, presumably as a result of intramolecular 144 transposition, that converted the left flanking sequence from TTTTT to ACAAT and removed the IncU replicon 145 sequence (Fig. 3g) . In CAV2018, the plasmid sequence was identical to CAV1761, except for a single 5,923 bp 146 deletion that truncated part of the Tn4401 sequence (Fig. 3h, 4a) . 147
Both isolates also harboured the ancestral RepA bla KPC plasmid from the patient 2 KpIIA isolate, with several SNVs 148 and large indels (Fig. 4b) . Interestingly, in CAV2018, one of the SNVs was located within Tn4401, such that the 149 CAV2018 RepA plasmid contained bla KPC-2 rather than bla . Given that there was plasmid transfer of the 150 IncU/IncX5 bla KPC-2 plasmid from S. marcescens, we infer that the bla KPC-2 -containing RepA plasmid most likely 151 arose as a result of homologous recombination between these two different plasmids flanking the bla KPC region 152 (Fig. 3f, k) . The Illumina data also revealed similar patterns of homologous recombination in other isolates (notably 153 CAV2983, CAV2984, CAV3444, CAVp64 and CAVp275, which all have the TTTTT IncU/IncX5 plasmid 154 flanking sequences, but with the C8015T bla KPC-3 mutation and without the T9663C mutation), suggesting frequent 155 exchange of Tn4401 variants between different bla KPC plasmids within the same host bacterium (Fig. 1, 3k) . 156 CAV1947 also harboured a third bla KPC plasmid, representing transposition of Tn4401 into a 4,095 bp non-typeable 157
plasmid that was present in the CAV2013 ancestor from patient 2 (Fig. 3i, 4c) . 158 K. quasipneumoniae has acquired bla KPC on multiple occasionsof bla KPC in this subspecies. Within KpIIA, there were two subclades separated by ~180 SNVs. Given that Tn4401 161 variation and flanking sequences were different between the two subclades (apart from the GTTCT flanking 162 sequence which is known to be present in many different bla KPC plasmids)(13); and that there was no 163 epidemiological overlap, it is most likely that the subclades acquired bla KPC independently. Additionally, as 164 described above, the second subclade likely acquired bla KPC on two occasions, with the second acquisition 165 originating from S. marcescens. Therefore, overall there were likely seven acquisitions of bla KPC by K. 166 quasipneumoniae, three in KpIIA and four in KpIIB. 167
Interestingly, there was evidence that one of the acquisitions in KpIIB also originated from S. marcescens, indicating 168 the compatibility of these two species in exchanging plasmids. This was in the patient 8 KpIIB lineage. Patient 8 169 was first colonised with bla KPC -S. marcescens carrying Tn4401b with a T9663C mutation and TTTTT/TTTTT 170 flanking sequences. Four months later, bla KPC -KpIIB was identified with the same Tn4401 mutation and flanking 171 sequences, suggesting plasmid transfer from S. marcescens to K. quasipneumoniae within this patient. 172
Discussion 173
We describe the behaviour of nosocomial bla KPC -positive K. quasipneumoniae strains within a single-hospital 174 setting, observing their propensity to uptake multiple carbapenemase plasmids from other species, and disseminate 175 between patients and sink drains. Our study also suggests that rapid genetic rearrangement occurs in the mobile 176 genetic elements carrying bla KPC in KpIIA. 177
There is increasing recognition that the hospital environment is an important potential reservoir in the transmission 178 of carbapenemase-producing Enterobacteriaceae (CPE), but delineating transmission chains is often 179 challenging(17, 18). Through our K. quasipneumoniae example we provide compelling evidence for patient-to-180 drain and drain-to-patient transmission, as has been observed in other studies(7). We also provide evidence 181 supporting the ability of K. quasipneumoniae to be maintained in the environment for a long period of time, with 182 the first subclade of KpIIA detected in the environment on initial sampling, even though it had not been seen in a 183 patient nor had that patient been in the room for over three years. The costly closure of the STBICU and exchange 184 of all the sink drain plumbing pipes had a limited effect on environmental contamination with CPE; instead it 185 appears to have provided an environment for immediate new seeding and establishment of previously unobserved 186 carbapenem-resistant strains. Understanding the dynamics and natural history of colonization of premise plumbing 187 with CPE will be important in designing effective interventions to limit transmission (19) . 188 Although there have only been a handful of reports of K. quasipneumoniae since its definition as a species in 2014, 189 it does appear that this organism is widespread (2, 5, 20, 21) . As seen here, it is not readily distinguished from K. 190 pneumoniae with current clinical microbiology techniques and thus the true prevalence is unknown(2, 22). On the 191 evolutionary time scale, modern medicine has provided a novel ecology with immunocompromised patients, 192
widespread antimicrobial use, newly circulating antimicrobial resistance genes and the design of the modern 193 hospital providing new microbiologic niche for organisms to emerge(7, 23). As seen here we provide evidence for 194 K. quasipneumoniae to be sustained in both a human host and the environment encountering several different 195 species which may be relatively new in the evolutionary tree of Klebsiella sp. As a consequence of these encounters 196 transfer of mobile DNA occurs via traceable carbapenemase plasmids. We found evidence for seven independent 197 acquisitions of bla KPC by K. quasipneumoniae, suggesting that this species is amenable to plasmid uptake from other 198 species of Enterobacteriaceae. Given the difficulties in accurately identifying K. quasipneumoniae, this species may 199 therefore be more significant in the context of bla KPC dissemination than has previously been recognised. 200
Within K. quasipneumoniae, there was surprising variability in mobile elements carrying bla KPC , which was the 201 result of several different processes observed amongst a limited number of highly related isolates(n=23). 202
Specifically, there were multiple independent bla KPC plasmid acquisitions, homologous recombination between 203 different bla KPC plasmids, transposition of Tn4401 into new plasmids, intramolecular transposition of Tn4401, a 204 deletion within Tn4401 and a deletion truncating Tn4401. This high degree of genetic mobility has been similarly 205 observed in other small studies (25, 26) , and highlights the difficulty in developing an accurate understanding of the 206 transmission epidemiology of important drug resistance genes which can be rapidly mobilized by multiple 207 independent genetic modalities. 208
Within KpIIA, there were multiple acquisitions of bla KPC resulting in the generation of new combinations of Tn4401 SNVs and host plasmids. Multiple acquisition of 213 resistance plasmids followed by rearrangements between those plasmids is likely to be important in the generation 214 of adaptive allelic combinations which contribute to the amplification of cross-class antimicrobial resistance within 215 strains. High-risk clones with a propensity for uptake of antimicrobial resistance plasmids may represent important 216 targets for intervention (24) . 217
This study has several limitations. Most notably, it is a small retrospective series, preventing a full understanding 218 of the role of the environment. Also, the order of genetic rearrangements is also not completely known given the 219 limited number of long-read sequenced isolates and inability to capture all isolates from the environment over time. 220
We offer however, that this is higher resolution than seen in many studies, and the analysis does contribute to the 221 greater understanding of rapid rearrangement and mechanisms at play around mobility of genetic elements 222 harbouring genes of antibiotic resistance in Enterobacteriaceae. 223
In summary, we demonstrate the relevance of K. quasipneumoniae as a species fit for nosocomial transmission in 224 the modern era that is capable of acquiring and maintaining relevant resistance elements. 225 226 227
Methods: 228

Setting 229
Isolates were collected at the University of Virginia, a 619-bed tertiary care hospital, from August 2007-May 2017. 230 A robust K. pneumoniae carbapenemase-producing organism (KPCO) prevention program existed throughout thestudy period as previously described (27) In September 2013 sink trap sampling for KPCO began using previously described techniques (14) 
Whole-genome sequencing 248
Illumina sequencing was performed as described previously(29). PacBio long-read sequencing and assembly were 249 performed as previously described (13). 250
Broad level species classification was performed using Kraken(30). To identify K. quasipneumoniae isolates, we 251 queried all isolates initially classified as K. pneumoniae against reference sequences representing each of the four 252 clades in Holt et al(1). We arbitrarily selected a single reference sequence for each clade; these were: ERR025521 253 (KpI), ERR025986 (KpIIA), ERR025528 (KpIIB) and ERR025573 (KpIII). We used mash v1.1.1(31) with 254 parameters "-r -m 5" to compare Illumina data for each of our isolates to these reference sequences. Each isolate 255 was then assigned to one of the four Kp clades according to the reference with the lowest distance value. All isolates 256 assigned to KpIIA or KpIIB were included in the analysis. In addition, we also included any other KPCO isolates 257 from patients carrying K. quasipneumoniae. 258
To identify chromosomal single-nucleotide variants (SNVs), Illumina reads for each K. quasipneumoniae isolate 259 were mapped to the CAV2013 chromosome sequence (derived from long-read sequencing), with mapping and 260 variant calling performed as described previously (32). A phylogeny was generated using IQ-TREE v1.3.13 (33) 261 from an alignment of variable sites where at least 70% of samples had a high-quality reference/variant call (i.e. we 262 excluded sites where >30% of samples had an "N" call). This was run with parameters "-blmin 0.000000001 -nt 4 263 -m GTR", with -fconst used to specify the number of invariant sites. 
